Rhodococcus equi isolates (462) obtained from 64 soil samples collected on 5 R. equi-endemic horse-breeding farms and isolates from 100 infected foals in Texas were examined to determine the prevalence and genotypic diversity of virulence-associated plasmids. Isolates were tested for the presence of 15-17-kDa virulence-associated protein antigens (VapA) by immunoblotting and virulence-associated plasmids by PCR. Plasmid DNAs were isolated and analyzed by digestion with restriction endonucleases for estimation of size and comparison of polymorphisims. Rhodococcus equi were isolated from soil of all 5 farms; however, virulent R. equi were only isolated from 3 of the 5 farms and represented 18.8% (87 of 462) of total isolates. Of the 87 virulent soil isolates, 56 (64.5%) contained an 85-kb type I plasmid, 23 (26.4%) an 87-kb type I plasmid, 7 (8%) a newly defined 85-kb type III plasmid (Tx 43), and 1 (1.1%) a newly defined 85-kb type IV plasmid (Tx 47). Of the 100 isolates from infected foals, 96 were virulent. Of the 96 virulent isolates, 51 (53.1%) contained an 85-kb type I plasmid, 39 (40.6%) an 87-kb type I plasmid, 4 (4.2%) an 85-kb type III plasmid (Tx 43), and 2 (2.1%) an 85-kb type IV plasmid (Tx 47). There are at least 4 different R. equi virulenceassociated plasmids in Texas, 2 of which have not previously been described. Based upon virulence plasmid typing, there is geographic diversity among isolates of R. equi from clinical and environmental samples on horse-breeding farms in Texas. There is not a strong correlation between the presence of virulent R. equi in farm soils and the R. equi disease status of those farms.
Rhodococcus equi is one of the most important bacterial pathogens of young foals. Infections caused by this organism are characterized by chronic, suppurative bronchopneumonia and enteritis associated with a high mortality rate. 1, 7, 18 It was previously reported that the 15-17-kDa virulence-associated protein antigens (VapA) of R. equi are associated with virulence in mice 15, 19 and that the presence of an 85-or a 90-kb plasmid is essential for virulence and the expression of VapA. 10, 14, [22] [23] [24] These virulence-associated antigens and virulence plasmids have been used as epidemiologic markers to identify virulent R. equi isolates from horses and their environment by Western blot (immunoblot) assay using a monoclonal antibody and plasmid profiles. 4, 11, 12, 16, 17, 21 More recently, restriction enzyme digestion patterns of virulence plasmids in human and foal isolates from several countries were examined. 6, 20 The digestion patterns divided the plasmids of virulent isolates into 5 closely related types. Three of the 5 types had already been reported in Canadian and Japanese isolates, 6 and 2 new types were identified in French and Japanese isolates. 9, 20 These 5 types of plasmids were designated as 85-kb type I (p-REAT701), 85-kb type II (a new type), 87-kb type I (EcoRI and BamHI type 2), 6 87-kb type II (a new type), and 90-kb (pREL1). The 85-kb type I plasmid was found in isolates from Argentina, Australia, Canada, and France. Plasmid 87-kb type I was isolated in specimens from Argentina, Canada, and France. The 85-kb type II plasmid appeared in isolates from France. On the other hand, plasmids 87-kb type II and 90-kb were found only in isolates from Japan. These results revealed geographic diversity in the distribution of virulence plasmids found in the 5 countries and suggest that the restriction fragment length polymorphism of virulence plasmids might be useful to elucidate the molecular epidemiology of virulent R. equi throughout the world. 20 A recent large-scale study indicated that respiratory disease was the most common cause of foal morbidity and mortality in Texas. 3 Many different organisms may cause respiratory disease, but R. equi is the most common cause of severe pneumonia in foals. The purpose of this study was to investigate the prevalence of virulent R. equi in isolates from soil of 5 different R. equi-endemic farms in Texas and to compare the genotypic variation among virulence plasmids of R. equi isolated from farm soils and diseased foals. During this experiment, 2 new digestion patterns of virulence-associated plasmid DNA were found in Texas isolates from soil and diseased foals and were analyzed in detail.
Materials and methods

Bacterial strains
The strains used for reference in this study were R. equi ATCC 33701 (85-kb type I), 96E35 (85-kb type II), 222 (87kb type I), 96B6 (87-kb type II), and L1 (90 kb). 20 In addition, 100 clinical isolates obtained from infected foals were examined. The clinical isolates were harvested from transtracheal wash specimens and various lesion exudates submitted by veterinary practitioners throughout Texas to 1 of 3 major diagnostic laboratories. a-c Following isolation and identification of R. equi by the respective diagnostic laboratories, the organisms were transported to the study laboratories for confirmation of identity and further analysis.
Collection and isolation of R. equi from soil
Rhodococcus equi infections were endemic on each of the 5 farms from which soil samples were obtained: each farm experienced annual recurrence of infections for at least the past 5 years. Soil samples were collected and processed, as previously described, 17 from 1 to 2 sites in paddocks that were used to maintain mares and foals on the 5 farms. Briefly, soil was scraped from the ground surface with a small spoon and placed in sterile tubes. One gram of soil was diluted serially with a 10-fold volume of sterile saline. Each dilution was inoculated onto 2 plates of nalidixic acid-novobiocin-actidione (cycloheximide)-potassium tellurite (NANAT) medium, 25 and the plates were incubated at 30 C for 2 or 3 days. All suspect R. equi colonies, which retained characteristic growth on the selective medium (colonies were moist and glistening, tending to become confluent, and appeared in various shades of grey), were counted and the number of viable organisms per gram of soil was calculated. When available, 2-10 colonies of R. equi per specimen were subcultured and examined for VapA by colony blot enzymelinked immunosorbent assay with Mab 10G5. 13 For colony blot analysis, bacterial strains were injected onto brain-heart infusion agar plates with an inoculation needle and incubated at 38 C for 24 hr. A sheet of nitrocellulose filter d (pore size, 0.45 m) was then placed on the cultures for a few minutes to wet them completely. The membrane was removed, airdried, and treated by autoclaving at 105 C for 1 min. All buffers, antibodies, and conjugate dilutions were the same as those described previously for the immunoblot. 16
Virulence-associated gene
The target DNA for polymerase chain reaction (PCR) amplification was the published sequence of the 15-17-kDa antigen gene of virulence plasmid DNA (Genebank database accession number D21236) from R. equi ATCC 33701. 10 Primer 1 (5Ј-GACTCTTCACAAGACGGT-3Ј) corresponded to the sense strand at positions 6-23, and primer 2 (5Ј-TA-GGCGTTGTGCCAGCTA-3Ј) corresponded to the antisense strand at positions 569-552 in the sequence of the 15-17-kDa antigens gene. 14 The PCR amplification was performed on emulsified bacterial colonies with the primers and under the conditions described previously. 4, 14 An individual colony of each isolate was gathered with a sterile toothpick and emulsified in a 50 l reaction containing 10 mM Tris-HCl (pH 8.3 at 25 C), 50 mM KCl, 1.5 mM MgCl 2, 0.2 mM (each) deoxynucleotide triphosphates, 1 mM of each primer, and 2.5 U of Taq DNA polymerase. e The samples were subjected to 30 cycles of amplification in a GeneAmp PCR system 2400. f The cycling conditions were as follows: denaturation, 90 seconds at 94 C; primer annealing, 1 minute at 55 C; and extension, 2 minutes at 72 C. 14
Isolation of plasmid DNA
Plasmid DNA was isolated from R. equi by the alkaline lysis method, 2 with some modifications, as described previously. 14 Plasmid DNAs were analyzed by digestion with restriction endonucleases BamHI, EcoRI, EcoT22I, and HindIII for detailed comparison and estimation of the plasmid size. Samples of the plasmid preparations were separated in 0.7 or 1.0% agarose gels at approximately 5 V/cm for 2 hours.
Detection and identification of reaction products
VapA genes on fragments of plasmid DNA were detected by Southern hybridization. 14 Digested fragments of plasmid DNA were transferred from gels to a sheet of nylon membrane g by using a vacuum transfer method, h without depurination, and following the manufacturer's instructions. Hybridization was carried out at 68 C for at least 6 hours in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0) containing 0.1% sodium N-lauroyl sarcosine, 0.02% SDS, and 1% blocking reagent. After hybridization, the sheets were washed twice at room temperature for 5 minutes in 2ϫ SSC containing 0.1% SDS and washed twice again for 15 minutes at 68 C in 0.1ϫ SSC containing 0.1% SDS. Immunological detection of the hybridized digoxigenin-labeled probe was performed with a commercial kit. i For Southern analysis, a digoxigenin-11-dUTP-labeled probe was amplified with the primers by PCR as mentioned above. 14 
Results
Isolation of virulent R. equi from soil samples collected from horse-breeding farms
Quantitative culture of R. equi from soil samples collected from paddocks on the 5 farms was performed ( Table 1) . Soil from each of the 5 farms was culture positive for R. equi. The mean number of R. equi from soil on the 5 farms ranged from 3.8 ϫ 10 2 to 9.4 ϫ 10 3 /g of soil. Two to 10 colonies per sample were subcultured. Identification of 462 colonies was performed, and these were tested for the presence of VapA by colony blotting as shown in Table 1 . Virulent (VapA- positive) R. equi were detected in soil from 3 of 5 (60%) farms and appeared in 0-45% of the isolates from individual farms. Positive colonies were then tested for the presence of virulence-associated plasmids by PCR and plasmid profiles. Of the 87 virulent isolates, 79 isolates contained an 85-kb type I or an 87-kb type I plasmid. However, the remaining 8 isolates showed distinctive digestion patterns with EcoRI, as compared with those of the 2 previously described 85-kb plasmids ( Table 2) .
Characterization of 2 new plasmid types in Texas isolates of virulent R. equi
The DNA preparations of the 5 types of virulenceassociated plasmids that had been reported previously 20 and the 2 new isolates from Texas were analyzed by restriction enzyme digestion with endonucleases EcoRI, BamHI, EcoT22I, and HindIII (Fig. 1) . Endonucleases EcoRI, BamHI, EcoT22I, and HindIII discriminated 7 plasmid DNAs into 6, 3, 3, and 4 digestion patterns, respectively. These results divided the plasmids of the representative isolates into 7 closely related types (Table 3 ). Plasmid DNA from the 7 isolates digested with EcoRI were examined by Southern analysis with the PCR probes (Fig. 1) . The PCR products labeled with digoxigenin-11-dUTP hybridized with 1 of the fragments of each plasmid DNA. From these results, we designated the 2 new plasmids at Tx43 (85-kb type III) and Tx47 (85-kb type IV).
Plasmid profiles of virulent R. equi from clinical samples
Of 100 clinical isolates from sick foals, 96 were virulent R. equi, as evidenced by the presence of a virulence-associated plasmid and expression of VapA. Of the 96 virulent isolates, 51 contained an 85-kb type I plasmid, 39 contained an 87-kb type I plasmid, 4 contained a Tx43 (85-kb type III) plasmid, and 2 contained a Tx47 (85-kb type IV) plasmid.
Discussion
The present study demonstrated that soil from all 5 R. equi-endemic farms was culture positive for R. equi but that virulent R. equi were only detected in soil from 60% of the farms. The majority of virulent R. equi isolates from foals and soil contained an 85-kb type I or an 87-kb type I plasmid. In this study, 2 new types of virulence-associated plasmids were found with low prevalence among the isolates from both clinical and soil specimens. The new plasmids showed very similar restriction fragment length polymorphisms to those of an 85-kb type I plasmid by several restriction enzymes; therefore, they were designated as 85-kb type III and type IV plasmids.
In a previous study, it was demonstrated that geographic differences in the distribution of virulence-associated plasmids were found in 5 countries (Argentina, Australia, Canada, France, and Japan). 4, 6, 20 In clinical isolates from Argentina, there were equal proportions of 85-kb type I and 87-kb type I plasmids. The only previous study on plasmid profiles of virulent R. equi in the United States involved isolates from 5 sick foals and 5 sick humans. 6 That study defined 2 distinct but closely related enzyme digestion patterns in isolates from the United States and confirmed the concept of international genomic diversity. The present study revealed that horses and horse farms in Texas harbor virulent R. equi that contain 1 of 4 distinct virulenceassociated plasmids. However, there were no 87-kb type II or 90-kb plasmids, which have only been described in Japanese isolates, 20 nor 85-kb type II plasmids, which have only been found in French isolates. 9 These results support previous observations of international geographic diversity in the distribution of virulence-associated plasmids. 6, 20 It is interesting that ratios of the 4 virulence-associated plasmids were very similar in the clinical and soil isolates from Texas. There were no known geographic relationships between soil isolates from the 3 VapA-positive farms and the 96 VapA-positive clinical isolates from infected foals on other farms. Therefore, these results suggest that the 4 virulence plasmids might be widespread in the environment of horsebreeding farms in Texas. Further surveillance of virulence-associated plasmids in clinical and environmental isolates are needed to clarify the molecular epidemiology of virulent R. equi in the United States.
Previous studies that evaluated the association of soil-borne R. equi with clinical disease on farms indicated significant correlations between the number of R. equi and, more specifically, the prevalence of virulent R. equi in the soil and disease caused by R. equi. 8, 12, 17 In this study, similar concentrations of R. equi were isolated from soil of all 5 R. equi endemic farms, but virulent R. equi were only detected on 3 of the 5 farms. There was some variation in the number of soil samples and isolates tested between farms (Table 1), with the smallest numbers coming from those farms with no virulent R. equi. The disparity in soil sample numbers was due to differences in farm size, and because fewer soil samples were cultured, there were fewer isolates to test for virulence. Perhaps more extensive sampling and testing would have yielded virulent R. equi from all farms. These findings are, however, consistent with those of a recent large-scale epidemiologic study in which there was no significant association of farm disease status with the isolation of R. equi or virulent R. equi from farm soils. 5 This study and related studies have provided evidence of geographic diversity among isolates of R. equi through the discovery of 7 different, but closely related, virulence-associated plasmid types from throughout the world. 6, 20, 24 Detailed knowledge about the unique characteristics of a bacterial species and the relatedness of strains within that species could provide the tools necessary to define transmission character- istics and point sources of infection in disease outbreaks. Phenotypic characterization and plasmid profiling, however, have limited powers of discrimination for tracing the origin or transmission of infections with an acceptable degree of confidence. Additional studies, using genotyping procedures with greater powers of discrimination, are needed to further evaluate the molecular diversity of R. equi strains from throughout the world and to explore associations between chromosomal differences, plasmid profiles, and virulence.
